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A B S T R A C T  

A b r i e f  h i s t o r i c a l  a n a l y s i s  shows how Lhe development of p u r e  f l u i d  
d i g i t a l  l o g i c  e lements  has  fol lowed a p a t t e r n .  A t t e n t i o n  was f i r s t  c e n t e r e d  

on g a i n ,  t h e n  on r e l i a b i l i t y  and l a s t l y  on speed .  A c o n f l i c t  between g a i n  
and s p e e d  i s  now d e v e l o p i n g ,  and it appears  t h a t  t o  r e s o l v e  t h i s  c o i f l i c t ,  

w h i l e  p r e s e r v i n g  r e l i a b i l i t y ,  sacr i f ices  i n  g a i n  w i l l  need t o  b e  made. An 

element  which makes more e f f ec t ive  u s e  of  t h e  c o n t r o l  j e t  shows promise of 
p r o v i d i n g  a s o l u t i o n  t o  the speed-gain dilemma. 
c o n t r o l  j e t  r e a c t i o n  i n  o r d e r  t o  reduce i t s  dependence on w a l l  a t t r a c t i o n ;  
however, t h e  NASA c o n t r a c t  t o  develop m u l t i - s t a t e  e l e m e n t s  has  shown t h e  

impor tance  of r educ ing  t h e  effect  o f  w a l l  a t t r a c t i o n  s t i l l  f u r t h e r .  

The UNIVAC i n v e r t e r  employs 

By 
..+:14-:-- ur.ss lr .sI ly  eleiiieiiis w i t h  i u w e i  y a h  i l l  c u a j u n c i i o n  w i t h  m u i t i - s t a t e  e iements  

UNIVAT f ee l s  t h a t  r a p i d  improvein.?nts i n  speed  and 
a c h i e v e d .  

t y  can now be 
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INTRODUCTION 

F l u i d  a m p l i f i e r s  have no t  yet f u l f i l l e d  a l l  the i r  e a r l y  promises .  

a n a l y s i s  aims t o  demons t r a t e  t h a t  because  t h e  development of f l u i d  l o g i c  was 

preceded  by e l e c t r o n i c s  many of the sound p o s t u l a t e s  made i n  t h e  e l e c t r o n i c s  

f i e l d  have been a l lowed i n t o  t h e  f l u i d s  f i e l d  w i t h o u t  an adequa te  a p p r a i s a l .  
The u n f o r t u n a t e  r e s u l t  of t h i s  p r a c t i c e  i s  t h a t  many r e s e a r c h e r s  have been l e d  

t o  b e l i e v e  t h a t  one of t h e  most important  p r o p e r t i e s  of a d i g i t a l  f l u i d  l o g i c  
e lement  i s  h igh  g a i n .  

T h i s  

Not u n t i l  work was c a r r i e d  o g t  i n  t h e  f i e l d  of m u l t i - s t a t e  f l u i d  l o g i c  
e l emen t s  was it demonst ra ted  t h a t  e l emen t s  which depend f o r  t h e i r  hi.gh g a i n  on 

e i t h e r  w a l l  a t t achmen t  o r  t u rbu lence  a r e  n e c e s s a r i l y  a t  l e a s t  an o r d e r  of 

magni tude s lower  t h a n  e lements  which d o  n o t  r e l y  on t h e s e  effects .  

The i n t r o d u c t o r y  a n a l y s i s  may be an o v e r - s i m p l i f i c a t i o n  of t h e  h i s t o r i c  
development of t h e  f l u i d  a m p l i f i e r  a r t .  I t s  p r i n c i p a l  merit i s  t h a t  i t  does 

f i t  t h e  known f ac t s  and does  o f f e r  t h e  p r o s p e c t  of a major  breakthrough f o r  
d i g i t a l  f l u i d  devices. 

The d i s c u s s i o n  of p r e s e n t  a p p l i c a t i o n s  d e s c r i b e s  some of t h e  i n d u s t r i a l  

uses of d i g i t a l  f l u i d  d e v i c e s .  
f l u i d  a m p l i f i e r s  shows t h a t  i n s u f f i c i e n t  i n t e r e s t  has  been g iven  t o  t h e  speed 

problem i n  d i g i t a l  f l u i d  l o g i c .  T h e o r e t i c a l  a n a l y s e s  have f a i l e d  t o  sugges t  
r e a l l y  f r u i t f u l  s o l u t i o n s  t o  t h i s  problem and it  a p p e a r s  t h a t  speed  can be 

ach ieved  only  a t  t h e  expense  of ga in .  The r e a c t i o n  a m p l i f i e r  i s  shown t o  make 

more e f f e c t i v e  use of t h e  c o n t r o l  s i g n a l  and t h e r e f o r e  depends less h e a v i l y  on 
w a l l  a t t r a c t i o n  t o  a c h i e v e  a s p e c i f i e d  g a i n .  
a n a l y t i c a l l y  and o f f e r s  promise  of a major  b reak th rough  i n  speed.  

An e v a l u a t i o n  of the d e s i g n  ph i losophy  of 

T h i s  e lement  i s  e a s i l y  handled 

The remarks on t h e  f u t u r e  of f l u i d  e l emen t s  p r e d i c t  a t r e n d  toward mini-  
a t u r i z e d  low g a i n  e lements  w i t h  l o w  a s p e c t  r a t i o s ,  and a d i m i n i s h i n g  r e l i a n c e  

on w a l l  a t tachment  e f f e c t s .  

A t h e o r e t i c a l  t r e a t m e n t  f o r  momentum exchange and c o n t r o l  j e t  r e a c t i o n  
d e v i c e s  i s  d e s c r i b e d .  Because of t h e  e l emen ta ry  p r i n c i p l e s  employed by t h e s e  
d e v i c e s ,  r e l a t i v e l y  c r u d e  y e t  p r a c t i c a l  t h e o r y  can  be a p p l i e d  w i t h  r e a s o n a b l e  

accu racy .  
1 



PART 1 - THE DEWLOFMENl OF DIGITAL FLUID AMPLIFIERS 

1.1 H i s t o r i c a l  A n a l y s i s  

The s p a r k  which i g n i t e d  t h e  e x p l o s i v e  f i e l d  o f  f l u i d  a m p l i f i e r s  was 

s u p p l i e d  by t h e  Diamond Ordnance Fuze L a b o r a t o r i e s  i n  1960 wi th  t h e  announce- 
ment of a f l u i d  a m p l i f i e r  which uses no moving p a r t s .  

A t  f i r s t  i t  appeared t h a t  the new f l u i d  a m p l i f i e r  would f i l l  a wide v o i d  
between t h e  s low mechanical  dev ices  used  i n  c o n t r o l  equipment and c a l c u l a t i n g  
machines and t h e  u n n e c e s s a r i l y  f a s t  and expens ive  e l e c t r o n i c  d e v i c e s  used i n  
h i g h  speed computers.  

I n i t i a l l y ,  p r o g r e s s  seemed rap id  and many i n v e n t i o n s  appeared and hundreds 
o f  p a p e r s  were w r i t t e n  on f l u i d  a m p l i f i e r s .  It  was found t h a t  f l u i d  a m p l i f i e r s  
cou ld  be t a i l o r e d  t o  g i v e  an almost u n l i m i t e d  v a r i e t y  of  D O C .  c h a r a c t e r i s t i c s .  
Many problems,  i n v o l v i n g  t h e  i n t e r c o n n e c t i o n s  o f  complex c i r c u i t s ,  were 
e n c o u n t e r e d  and s y s t e m i c a l l y  solved. 

About two y e a r s  l a t e r  Raymond N. Auger’ showed t h e  importance o f  i n p u t  and 
o u t p u t  i s o l a t i o n  by demons t r a t ing  t h e  ease w i t h  which h i s  t u r b u l e n c e  a m p l i f i e r s  
cou ld  be i n t e r c o n n e c t e d .  I t  now appeared t h a t  a l l  c i r c u i t  problems had been 

s o l v e d ,  and t h a t  t h e  on ly  remaining problems were speed improvement and f a b r i -  
c a t i o n .  

0 

The t u r b u l e n c e  a m p l i f i e r  had two major  d i s a d v a n t a g e s ;  i t  could n o t  be 
f a b r i c a t e d  as cheap ly  a s  would have been d e s i r e d ,  and i t  was s low t o  r e c o v e r  
i t s  f u l l  o u t p u t  s i g n a l  s t r e n g t h  once t h e  c o n t r o l  s i g n a l  had been removed. 

When t h e  i n i t i a l  r e s u l t s  o f  e a r l y  f l u i d  a m p l i f i e r  i n v e s t i g a t i o n s  were 
announced, e v a l u a t i o n s  made by UNIVAC e n g i n e e r s  d i s c l o s e d  t h e  s e r i o u s  high-speed 

l i m i t a t i o n s  of  p u r e  f l u i d  d i g i t a l  dev ices .  It l a t e r  appeared t h a t  f l u i d  d e v i c e s  
were n o t  even  as f a s t  a s  mechanical d e v i c e s .  
f e a s i b i l i t y  o f  u s i n g  f l u i d  d e v i c e s  t o  c o n t r o l  iaagnet ic  t a p e  by s w i t c h i n g  a i r  

between two c o u n t e r - r o t a t i n g  caps t ans .  E l e c t r o m e c h a n i c a l  v a l v e s  h a s  a l r e a d y  

been developed which cou ld  switch i n  less  t h a n  h a l f  a m i l l i s e c o n d .  
f e l t  t h a t  by e l i m i n a t i n g  moving p a r t s  a l t o g e t h e r  even  h i g h e r  speeds  cou ld  be 

o b t a i n e d .  

t h e  p u r e  f l u i d  f l i p - f l o p  was approximately one m i l l i s e c o n d .  

UNIVAC had been i n v e s t i g a t i n g  t h e  

I t  was 

E a r l y  tes ts  c a r r i e d  o u t  by UNIVAC showed t h a t  t h e  s w i t c h i n g  time o f  0 
2 



A compreshesive program was t h e n  e s t a b l i s h e d  t o  deve lop  a high-speed 

p u r e  f l u i d  l o g i c  d e v i c e .  
e f f e c t ,  was conce ived ,  and a device was b u i l t  whose aim was t o  a c h i e v e  speeds  

comparable t o  t h e  h a l f - p e r i o d  o f  the edge tone  f r equency .  

t h a t  speeds  cou ld  be improved, and t h a t  an u n d e r s t a n d i n g  o f  t h e  b a s i c  edge tone  

phenomenon cou ld  l e a d  t o  a u s e f u l  high-speed e l emen t .  
phenomenon i s  ex t r eme ly  complicated,  several ma themat i ca l  and t h e o r e t i c a l  

s t u d i e s  are p r e s e n t l y  underway t o  c l a r i f y  t h e  d i r e c t i o n s  f o r  f u t u r e  development.  

An e n t i r e l y  new concep t ,  employing t h e  “edgetone“ 

T h i s  d e v i c e  showed 

Because t h e  edge tone  

A p a r a l l e l  e f f o r t  i n  t h e  quest  f o r  h i g h e r  speeds  i n  f l u i d  d e v i c e s  r e s u l t e d  
T h i s  device ach ieved  a s w i t c h i n g  speed o f  about  a t h i r d  i n  t h e  UNIVAC i n v e r t e r .  

o f  a m i l l i s e c o n d ;  i t s  c h i e f  c h a r a c t e r i s t i c s  b e i n g  t h e  i n c r e a s e d  e f f e c t i v e n e s s  

o f  t h e  c o n t r o l  s i g n a l ,  and, consequen t ly ,  a reduced dependence on wall lock-on 
effects .  Although t h i s  speed i n c r e a s e  was n o t  d r a m a t i c ,  i t  d i d  p o i n t  the way 

t o  a promising means of improving f l u i d  a m p l i f i e r  performance. 
towards a u s e f u l  h i g h  speed dev ice  was t h e  b u i l d i n g  o f  a NOR g a t e .  
ach ieved  by marrying a f o u r  i n p u t  OR gate t o  t h e  UNIVAC i n v e r t e r .  
o f  t h e  OR g a t e  was such t h a t  complete i s o l a t i o n  o f  a l l  f o u r  i n p u t s  was achieved.  
The g a i n  o f  t h e  i n v e r t e r  was s u f f i c i e n t  t o  p e r m i t  e a c h  NOR g a t e  t o  d r i v e  f o u r  

o t h e r  NOR g a t e s ,  and t h e  i n v e r t e r  was found t o  be s u f f i c i e n t l y  i n s e n s i t i v e  t o  
o u t p u t  l o a d  t h a t  no problems were encoun te red  i n  assembling complex c i r c u i t s .  

A f u r t h e r  s t e p  

T h i s  was 

The d e s i g n  0 

17 C,,+...”.-.+,l.. 
u ; ; A u A L . u I t a c c A y ,  t h e  addi t io i i  of the four liiljiit 0% gate io iiie i n v e r t e r  

i n c r e a s e d  t h e  switching time o f  the r e s u l t i n g  NOR g a t e  t o  a lmos t  one m i l l i s e c o n d ,  

and i t  appeared t h a t  we had made l i t t l e  p r o g r e s s  i n  terms o f  speed. 
o t h e r  a r e a s  such as f a b r i c a t i o n ,  expe r imen ta l  and a n a l y t i c a l  t e c h n i q u e s  and 

d e s i g n  ph i losophy  was b e i n g  made but speed remained a major d i f f i c u l t y .  

P r o g r e s s  i n  

E a r l y  i n  1963 NASA conceived t h e  idea  t h a t  pe rhaps  o u r  approach should be 

centered less around t h e  performance o f  b i n a r y  d e v i c e s ,  which owed t h e i r  popu- 

l a r i t y  t o  working p r i n c i p l e s  i n  computer e l e c t r o n i c s ,  and more around m u l t i - s t a t e  
devices u s i n g  t h e  a l t o g e t h e r  d i f f e r e n t  p r i n c i p l e s  of  o p e r a t i o n  made p o s s i b l e  by 

t h e  unique p r o p e r t i e s  of  i n t e r a c t i n g  j e t s  e n c l o s e d  by w a l l s .  

3 



M u l t i - s t a t e  e l emen t s  proved more d i f f i c u l t  t o  d e s i g n  t h a n  had been 

a n t i c i p a t e d .  
c h a r a c t e r i s t i c s  f a i l e d  t o  meet even t h e  barest  d e s i g n  s p e c i f i c a t i o n s .  

became c l e a r  t h a t  t he  d i f f i c u l t i e s  w h i c h  had been encoun te red  i n  d e s i g n i n g  a 

s a t i s f a c t o r y  f l i p - f l o p  were compounded i n  t h e  d e s i g n  of a t r i - s t a b l e  e l emen t .  

Most of t h e  e a r l y  a t t empt s  r e s u l t e d  i n  d e v i c e s  whose s t e a d y - s t a t e  

It soon 

L o g i c a l  d e s i g n  s t u d i e s  i n  m u l t i - s t a t e  e l e m e n t s  showed t h a t  a l t h o u g h  a 

t r i - s t ab le  element  had an advantage o v e r  more c o n v e n t i o n a l  e l emen t s  i n  t h e  

d e s i g n  of a n  asynchronous s h i f t  register i t s  use i n  g e n e r a l  was l i m i t e d .  A 

more u s e f u l  d e v i c e  would be a t r i - l e v e l  e lement  w h i c h  c o u l d  enhance t h e  use 

of t h e  more l o g i c a l l y  powerful t e r n a r y  a r i t h m e t i c  and i t s  a s s o c i a t e d  a l g e b r a .  
The UNIVAC a e r o s o n i c  d e v i c e  was known t o  b e  c a p a b l e  of p roduc ing  three d i f f e r e n t  

o u t p u t  l e v e l s  depending on i t s  c o n t r o l  s i g n a l s  and it  was f e l t  t h a t  t h i s  
d e v i c e  might form the  b a s i s  o f  a u s e f u l  t h r e e - l e v e l  element. T e s t s  c a r r i e d  

o u t  on t h i s  e lement  showed t h a t  w h i l e  t h r e e - l e v e l  o p e r a t i o n  was ex t r eme ly  s e n s i t i v e  

t o  sma l l  geometry v a r i a t i o n s  three-s ta te  o p e r a t i o n  cou ld  e a s i l y  be o b t a i n e d  by 
s imply  r e p l a c i n g  t h e  c e n t r a l  s p l i t t e r  r e s p o n s i b l e  f o r  the  e d g e t o n e  by a r e c e i v e r  
t o  form a t h i r d  o u t p u t .  
u t i l i t y  . 

UNIVAC now had a t h r e e - s t a t e  e lement  w i t h  l i m i t e d  l o g i c a l  

S e v e r a l  t h r e e - s t a t e  e l emen t s  were b u i l t  and a n  asynchronous s h i f t  r e g i s t e r  
was assembled2 u s i n g  t h e s e  elements i n  c o n j u n c t i o n  w i t h  NOR g a t e s .  

t e s t s  showed, however, t h a t  the t h r e e - s t a t e  e l emen t  was even s l o w e r  t h a n  the 

c o n v e n t i o n a l  f l i p - f l D p ,  and t h e  s ea rch  f o r  a new p r i n c i p l e  of o p e r a t i o n  c o n t i n u e d .  

Dynamic 

The s w i t c h i n g  speeds  of active e l emen t s  appeared t o  be of  the o r d e r  of one 

m i l l i s e c o n d  f o r  a power n o z z l e  width of .020 i n c h e s ,  however, tes ts  on p a s s i v e  

elements  employing momentum exchange showed t h a t  speeds  cou ld  be r educed  t o  one 
t e n t h  of a m i l l i s e c o n d ,  i f  t h e  wall a t t a c h m e n t  e f fec ts  were e l i m i n a t e d .  

d i s c o v e r y  l e a d  t o  t h e  development of two m u l t i - s t a t e  l o g i c  elements whose 

o p e r a t i o n  depended on ly  on t h e  exchange of momentum between t h e  i n p u t  

soon became e v i d e n t  t h a t  t h e  speed of a f l u i d  l o g i c  c i r c u i t  depended almost  a s  

much on t h e  amount of l o g i c  w h i c h  cou ld  be  accomplished a t  each j e t  i n t e r a c t i o n  

r e g i o n  as on t h e  speed of t h e  i n d i v i d u a l  e l emen t s .  

T h i s  

j e t s .  It 
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We a r e  a t  t h e  c r o s s r o a d s  i n  f l u i d  a m p l i f i e r  development;  on the one  hand 

we have e l emen t s  w i t h  ve ry  h igh  gain and poor  s w i t c h i n g  speed and on t h e  o t h e r  
we have elements w i t h  very  h igh  swi t ch ing  speed  and poor g a i n .  

the former e l emen t s  have been c l a s s e d  a s  a c t i v e  w h i l e  the l a t t e r  have been 

c l a s s e d  a s  p a s s i v e  b u t  i n  t h e  l i g h t  of r e c e n t  d i s c o v e r i e s ,  t h i s  d i s t i n c t i o n  has 

. I  

By t r a d i t i o n  

become less  meaningful  . 
What i s  now a n t i c i p a t e d  is a s y n t h e s i s  of a c t i v e  and p a s s i v e  p r i n c i p l e s  

such t h a t  high speed i s  combined w i t h  adequate  g a i n .  

5 



1.2 Present Applications of Pure Fluid Dicjital Devices 

Application of a new idea rarely waits for the idea to be perfected. Pure 
fluid logic elements have far to go before anything like optimum designs are 
achieved, yet even in their present state they have found industrial uses as 
timing and control devices. 
power, are quiet, and can operate on conventional shop air under almost any 
conditions of temperature, noise, vibration, humidity and shock. 

Elements have been designed which use very little 

UNIVAC has built a timing device for the Sandia Corporation and a small 
computer for demonstration purposes using the UNIVAC pure fluid NOR gate. 
paper announcing FLODAC, the world's first pure fluid digital computer, is to 
be presented at the Western Joint Computer Conference in San Francisco this 
Fall, and it is anticipated that this significant paper will herald a new era 
in man's use of fluids. 

A 

At present many problems which can be solved by means of electromagnetic 
relays can be solved more cheaply and reliably by means of fluid amplifiers. 
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1 . 3  Trends  i n  D i g i t a l  F a i d  Logic 

The success of f l u i d  a m p l i f i e r s  w i l l  p robab ly  l e a d  t o  many a p p l i c a t i o n s  

unheard of t oday .  Such a p p l i c a t i o n s  a s  g a r a g e  d o o r s  which open a t  t h e  sound 
of a p a r t i c u l a r  car ho rn ,  i n d u s t r i a l  c o u n t i n g  and c h e c k i n g  d e v i c e s ,  t e l e p h o n e  

r e l a y s ,  and a u t o m a t i c  TV channe l  s e l e c t o r s ,  c a p a b l e  of r e spond ing  t o  a v o i c e  

i n p u t  w i l l  a lmos t  c e r t a i n l y  m a t e r i a l i z e  w i t h i n  t e n  y e a r s .  

UNIVAC e x p e c t s  t o  deve lop  elements which a r e  f a s t  enough t o  do f a i r l y  

s o p h i s t i c a t e d  computer l o g i c .  These e l e m e n t s  w i l l  be  s u f f i c i e n t l y  i n e x p e n s i v e  

t o  j u s t i f y  the ex tended  use of p a r a l l e l  l o g i c  i n  pe r fo rming  o p e r a t i o n s  h i t h e r t o  

r e g a r d e d  a s  l y i n g  i n  the domain of e l e c t r o n i c s .  

l o g i c  e l emen t s  w i l l  become a r a r e t y  s i n c e  t h e y  w i l l ,  i n  g e n e r a l ,  be r e p l a c e d  by 

f l u i d  d e v i c e s .  Hole,  r i p p l e  and bump d e t e c t o r s , s u c h  a s  t h o s e  used i n  paper t a p e  

r e a d e r s ,  w i l l  p robab ly  use  a i r  both as a means of d e t e c t i n g  i n f o r m a t i o n  and a s  
t h e  medium f o r  p u r e  f l u i d  l o g i c  decoding and e r r o r  d e t e c t i o n  c i r c u i t s .  

Mechanical and e l e c t r o m e c h a n i c a l  
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PA33 2 - THE DESIGN PHILOSOPHY OF FLUID AMPLIFIERS 

2 . 1  The  Wall Effect_ 

A two d imens iona l  j e t  of f l u i d  d i r e c t e d  c l o s e  t o  a w a l l  w i l l  t end  t o  be 
drawn toward i t .  T h i s  i s  c a l l e d  wall a t t r z c t i o n  and i s  t h e  b a s i c  mechanism 

u n d e r l y i n g  t h e  o p e r a t i o n  of t h e  f l i p - f l o p  developed by t h e  Harry Diamond 
L a b o r a t o r i e s .  

t h e  power j e t  cou ld  be d a f l e c t e d ,  and t h u s  improve t h e  g a i n .  
T h e  r e a s o n  f o r  a wall  was t o  i n c r e a s e  the a n g l e  throiigh which 

B A 
\ , ' 1  

h 

Power Jet 
F i g u r e  l ( a )  

B A 
\ I 

Je t  

I' - Power J e t  
F i g u r e  l ( b )  

F i g u r e  l ( a )  shows a power j e t  be ing  a c t e d  on by a c o n t r o l  j e t .  The  

u n d e f l e c t e d  p o s i t i o n  of t h e  jer. c e n t e r l i n e  is  shown by l i n e  A aad the d e f l e c t e d  

p o s i t i o n  by l i n e  B. 

F i g u r e  l ( b )  shows t h e  same pawer j e t  be ing  a c t e d  on by t h e  combined e f f e c t  
of t h e  c o n t r o l  j e t  and w a l l s  @ and @ . Wall 
the r i g h t  of the c e n t e r l i n e  when no s i g n a l  i s  present, w h i l e  w a l l  

1 a t t r a c t s  t h e  power j e t  t o  

2 a t t r a c t s  . o  0 
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t h e  power j e t  t o  t h e  l e f t  when the c o n t r o l  s i g n a l  i s  p r e s e n t .  It i s  c lear  t h a t  

the p resence  of w a l l s  @ and @ can i n c r e a s e  t h ?  e f f e c t i v e n e s s  of the c o n t r o l  
j e t  by a m p l i f y i n g  t h e  a n g u l a r  d e f l e c t i o n  which would have been produced by the 

c o n t r o l  j e t  i n  the  absence of wa l l s .  

D e f l e c t i o n  D e f l e c t i o n  
lY 15°&---- 

F i q u r e  2 i a j  F i g u r e  2 i b j  

F i g u r e  2 ( a )  shows the r e l a t i o n s h i p  between the a n g l e  of d e f l e c t i o n  of a 

c o n s t a n t  power j e t  p l o t t e d  a g a i n s t  t h e  c o n t r o l  j e t  v e l o c i t y  when no w a l l s  a r e  

p r e s e n t ,  w h i l e  F i g u r e  2 (b )  shows the r e l a t i o n s h i p  between t h e  same two v a r i a b l e s  

a f t e r  w a l l s  have been added. 
of t h e  d e v i c e  resul ts  from the a d d i t i o n  of t h e  wal l s ,  a n d  t h a t  much g r e a t e r  

d e f l e c t i o n s  can be r e a l i z e d  w h e n  wa l l s  a r e  p rov ided .  

We note  t h a t  a d r a s t i c  change i n  the  performance 

From t h e  p o i n t  of view o f  s t e a d y - s t a t e  performance i t  i s  c l e a r l y  an 

advan tage  t o  use  wslls because g r e a t e r  c o n t r o l  j e t  e f f e c t i v e n e s s  can be a c h i e v e d  
by t h i s  means. 

p i c t u r e  i s  no t  so c l e a r .  The h y s t e r e s i s  s u p p l i e d  by t h e  w a l l s  produces a phase 

d i f f e r e n c e  between an a l t e r n a t i n g  i n p u t  c o n t r o l  f l o w  and t h e  o u t p u t  d e f l e c t i o n  

If we now c o n s i d e r  t h e  f r e q u e n c y  r e s p o n s e  c h a r a c t e r i s t i c s ,  the 
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a n g l e  a. When the phase  a n g l e  becomes t o o  l a r g e  t h e  power j e t  
f o l l o w  t h e  c o n t r o l  j e t  and  remains  locked  on one of t h e  two wa 

w i t h  no w a l l s  t h e  power j e t  responds t o  the c o n t r o l  j e t  a t  a l l  

f r e q u e n c i e s .  

It appea r s  t h a t  t h e  use of wa l l s  t o  a c h i e v e  g a i n  resul ts  
e l emen t ,  t h e r e f o r e ,  o t h e r  methods of a c h i e v i n g  g r e a t e r  c o n t r o l  

n e s s  shou ld  be sough t .  

i s  unab le  t o  

I s ,  whereas 

p r a c t i c a l  

i n  a s 

s i g n a l  

ower 

e f f e c t i v e -  
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2.2 The Tl i rbulence A m p l i f i c a t i o n  P r i n c i p l e  

A l amina r  s t r e a m  t r a v e r s i n g  an open space  f rom a n o z z l e  t o  a r e c e i v e r  

can be broken down by means of an ex t r eme ly  sma l l  d i s t u r b a n c e .  

I 

I ' ' 
I I I '  

1 
i 

l 
I ,/ 

' / ,,' 

_Figure 2 ( a )  F i g u r e  2 ( b )  

F i g u r e  2 ( a )  shows a laminar  power s t r eam b e i n g  d i s c h a r g e d  f rom a 
n o z z l e  ,s) i n t o  und i s t rubed  a i r  and b e i n g  p i cked  up by r e c e i v e r  @ . 
F i g u r e  2 (b )  shows how a c o n t r o l  s t ream has broken down t h e  l amina r  power 
s t r eam i n t o  a r a p i d l y  d i v e r g i n g  t u r b u l e n t  s t r e a m ,  t h e  energy  i n  which has  

been a lmost  t o t a l l y  d i s s i p a t e d  a s  e d d i e s  b e f o r e  r e a c h i n g  t h e  r e c e i v e r .  

d e v i c e  i s  c a p a b l e  of o p e r a t i n g  a s  an i n v e r t e r  w i t h  v e r y  h igh  g a i n .  

v 

T h i s  

If a number of c o n t r o l  nozz les  a r e  d i rec ted  toward t h e  base  of the laminar  
power s t r eam we have a NOR g a t e  w i t h  comple te  i n p u t  and ou tpu t  i s o l a t i o n .  

Fan- in  and f an -ou t  c a p a b i l i t i e s  of a t  l e a s t  f o u r  a r e  e a s i l y  o b t a i n e d ,  and 

fa r ther  development of these p r i n c i p l e s  shows g r e a t  promise.  Although t h e i r  

speed  w i l l  be improved by m i n i a t u r i z a t i o n ,  these e l emen t s  s u f f e r  f rom a b u i l t -  

i n  handicap .  To ensure adequate  d i s s i p a t i o n  of t u r b u l e n t  energy  i n  t h e  power 

s t r e a m  wnen t h e  c o n t r o l  s i g n a l  i s  a p p l i e d ,  the  d i s t a n c e  between t h e  power nozz le  
and t h e  r e c e i v e r ,  exp res sed  i n  nozz le  d i a lne t e r s ,  m u s t  be  much l a r g e r  t h a n  w i t h  
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o t h e r  t y p e s  o f  f l u i d  a m p l i f i e r s .  

c o n t r o l  j e t  i s  turned o f f  t h e  e x i s t i n g  t u r b u l e n t  energy  i n  t h e  r e g i o n  o f  the 

r e c e i v e r  d e l a y s  t h e  recovery  of  laminar f l o w  so t h a t  t h e  turn-on time i s  a lmost  

an order  of  magnitude s lower  than t h e  turn-o f f  t i m e .  

Thi s  l e a d s  t o  a f u r t h e r  d i f f i c u l t y ;  when t h e  
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2 . 3  C o n t r o l  J e t  Reac t ion  --- 

The c o n v e n t i o n a l  method of i n t r o d u c i n g  a c o n t r o l  s i g n a l  i s  t o  c o n v e r t  
t o  f a s t  moving a i r  a t  t h e  s low moving a i r  a t  t h e  c o n t r o l  signal p r e s s u r e  p 

ambient p r e s s u r e  p 
a g a i n s t  t h e  f a s t  moving power s t ream. 
power s t r e a m  i s  d e f l e c t e d  t h r o u g h  an angle a a s  shown i n  F i g u r e  3 ( a ) .  A 

more e f f e c t i v e  method of i n t r o d u c i n g  a c o n t r o l  s i g n a l  i s  t o  a l l o w  t h e  s t a t i c  

p r e s s u r e  p 

pe rmi t  some of t h e  c o n t r o l  a i r  t o  a c c e l e r a t e  a long  a p a t h  p a r a l l e l  t o  t h e  power 

j e t  as shown i n  F i g u r e  3 ( b ) .  

C 

and a l l o w  t h e  f a s t  moving c o n t r o l  s t r e a m  t o  impinge 
0' 

Because momentum i s  c o n s e r v e d ,  t h e  

of t h e  c o n t r o l  s i g n a l  t o  a c t  on one s i d e  of t h e  power j e t ,  and t o  
C 

\ - - _ _  
C o n t r o l  -- 

-Pres sure . 

\ '  
,' /, 1 ,'/' 

71; :r-'Power Jet ' ' 

U u r e  3 ( a )  F i g u r e  3 0  

Based on p r i n c i p l e s  t o  be d i s c u s s e d  i n  P a r t  4 ,  t h e o r e t i c a l  a n a l y s e s  of 
b o t h  t y p e s  of f r ee  j e t  a m p l i f i e r s  show s a t i s f a c t o r y  agreement w i t h  expe r imen ta l  

r e s u l t s  

a n g l e s  a a r e  p o s s i b l e  u s i n g  c o n t r o l  j e t  r e a c t i o n  t h a n  u s i n g  momentum exchange. 
In a d d i t i o n  t o  t h i s  advantage less e n e r g y  i s  d e s t r o y e d  as a resu l t  of t h e  j e t  

i n t e r a c t  i o n  

Both t h e o r y  and experiment  have shown t h a t  g r e a t e r  d e f l e c t i o n  
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T h e  UNIVAC i n v e r t e r  used t h e  c o n t r o l  je t  r e a c t i o n  p r i n c i p l e  t o g e t h e r  w i t h  
some w a l l  a l t t a c t i o n .  

and f an -ou t  requirement .s ,  but  i t  r e s u l t e d  i n  a speed p e n a l t y .  What i s ,  
t h e r e f o r e ,  needed i s  a d e v i c e  which does  not depend on w a l l  a t t r a c t i o n  but  

w h i c h  has a d e q u a t e  g a i n  f o r  d i g i t a l  l o g i c  c i r c u i t s .  

The w a l l  was n e c e s s a r y  i n  o r d e r  t o  o b t a i n  t h e  fati- in 
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PART 3 - THE FUTURE OF DIGITAL, FLUID AMPLIFIERS 

3.1 The Need f o r  a Workable Theory 

Any s t u d y  whose aim i s  a r e c o g n i z a b l e  p r o d u c t  b e n e f i t s  when a se t  of 

ground r u l e s  and a working t h e o r y  a r e  e s t a b l i s h e d .  
alchemy and a s t r o l o g y  were h e l d  back p r i m a r i l y  because  t h e y  a p p e a l e d  t o  

a u t h o r i t y  r a t h e r  t h a n  t o  t h e  s c i e n t i f i c  s c r u t i n y  which demands t h a t  t h e i r  

l o g i c  b e  demons t r a t ed  by means of a mathematical  model. 

Many s t u d i e s  such  as 

The most d r a m a t i c  advances i n  s c i e n c e  have been made i n  a r e a s  where 
t h e o r y  i s  no t  on ly  advanced b u t  usable .  
s t r u c t u r e s ,  the end p roduc t  shows a p r e f e r e n c e  f o r  ma themat i ca l  s i m p l i c i t y  

a s  t y p i f i e d  by t h e  s u s p e n s i o n  b r i d g e  r a t h e r  t h a n  the  s t a t i c a l l y  i n d e t e r m i n a t e  
s t r u c t u r e s  of a bygone age.  

r e p l a c e d  by t h e  s i m p l i f y i n g  approximations made n e c e s s a r y  by an a e s t h e t i c  
demand f o r  t h e  ma themat i ca l ly  obvious.  

I n  some f i e l d s  such a s  the t h e o r y  of 

Even i n  aerodynamics,  complex t h e o r y  has been 

A t  UNIVAC we have l e a r n e d  t h e  importance of b e i n g  a b l e  t o  c a l c u l a t e  t h e  

performance of o u r  f l u i d  e l emen t s  b e f o r e  b u i l d i n g  t h e m .  

Work on company sponsored p r o j e c t s ,  and on c o n t r a c t s  awarded by t h e  
Harry Diamond L a b o r a t o r i e s s ,  t h e  Sandia  C o r p o r a t i o n  and NASA have shown t h a t  

w i t h o u t  a n a l y t i c a l  t o o l s ,  p r o g r e s s  i n  deve lop ing  f a s t  f l u i d  l o g i c  e l emen t s  

i s  l i k e l y  t o  be  slow. The NASA c o a t r a c t  was aimed p a r t l y  a t  overcoming the 

speed l i m i t a t i o n s  by us ing  more l o g i c a l l y  powerful  f l u i d  d e v i c e s .  
showed t h a t  m u l t i - s t a t e  memory elements were even s lower  t h a n  c o n v e n t i o n a l  

f l i p - f l o p s  and t h a t  m u l t i - l e v e l  elements were i m p r a c t i c a l .  The o n l y  e l emen t s  

which showed rea l  promise were those m u l t i - s t a t e  l o g i c  elements which d i d  n o t  

r e l y  on wal l  a t t r a c t i o n ,  F o r t u n a t e l y ,  t h e s e  elements cou ld  be  t r e a t e d  
a n a l y t i c a l l y  u s i n g  ve ry  b a s i c  f l u i d  mechanics ,  and it  was ag reed  t h a t  we 

shou ld  spend most of ou r  time s tudy ing  t h i s  t y p e  of e lement  and t h e  l o g i c  

c o n c e p t s  i nvo lved .  

T e s t s  

Mathematical  s t u d i e s  have shown t h a t  it i s  p o s s i b l e  t o  p r e d i c t  t h e  
performance of a low-gain element  whose speed i s  many times t h a t  of c o n v e n t i o n a l  
f l u i d  l o g i c  e l emen t s .  I n  keeping w i t h  ou r  b e l i e f  t h a t  e l emen t s  f o r  which good a 
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mathematical models exist are in general to be preferred to those for which 
only a vast body of experimental data exist, UNIVAC proposes that a study 
of the reaction amplifier be carried out. This element has adequate gain for 
digital logic and its performance under steady state and transient conditions 
appears completely predictable. 
a mathematical theory shows promise of being both accurate and practical. 

At present it is the only element for which 
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3 . 2  Trends in Fluid Element Design 

The three main requirements to be satisfied by digital fluid logic elements 
are : 

1.) Low power 
2 . )  High speed 

3 . )  Insensitivity to small geometric variations 

Low power places a premium on low aspect ratio and demands that elements 
be capable of operating at low Reynolds numbers. 

High speed demands that elements be extremely small and that phenomena Nhich 
depend on the building up or breaking down of boundary layers or on the creation 
and destruction of laminar flow should not be used. 

Insensitivity to small geometric variations makes it inadvisable to attempt 
to design high gain devices which depend for their performance on the critical 
placement of walls or wedges e 

The only known element,which does not depend on either walls or laminar 
breakdown yet has adequate gain for digital logic circuits, is the reaction 
amplifier. Attempts to improve fluid logic elements will probably show a trend 
toward elements employing the principles of control jet reaction. 

Low Reynolds number operation and low gain devices make desireable the use 
of multi-state logic elements such as those developed under this contract. The 
logical design rules for use with these elements require that each multi-state 
element be both preceeded and followed by a control jet reaction element. 

It might at first appear that the limited fan-in and fan-out capabilities 
of low gain elements would result in much cascading of elements. 
is true, it shou1.d be remembered that an element is nothing more than a jet 
interaction region, and in an integrated package, these regions can be packed 
extremely close together. Also the multi-state elements will result iii Some 
simplification of the logical design and will partially offset the necd for 
cascading elements. 

Although this 

A further objection to the use of low gain elements might be that since 
more low gain elements would be required to perform a specified logical function, 
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more power would be needed by a c i r c u i t  employing t h e s e  e l emen t s  t h a n  by a 

c i r c u i t  employing high g a i n  elements .  T h i s  o b j e c t i o n  i s  no t  v a l i d  because 

low g a i n  elements can be d e s i g n e d  t o  f u n c t i o n  s a t i s f a c t o r i l y  a t  much lower 

Reynolds numbers t h a n  high g a i n  elements .  Indeed ,  i t  i s  t h e  e x t r e m e l y  low 

Reynolds number o p e r a t i o n  of the low g a i n  elements t h a t  opens the way t o  r a p i d  

advances i n  d i g i t a l  f l u i d  l o g i c  systems. 
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PART 4 - A THEORETICAL FOUNDATION FOR F L U I D  LOGIC ELEMENTS 

4 .1  S t e a d y - S t a t e  A n a l y s i s  

We s h a l l  assume t h a t  t h e  

p r e s s u r e  p acts  on the s i d e  

of t h e  s u p p l y  j e t  a s  shown i n  

F i g u r e  4 ,  and t h a t  t he  momentum 

impar t ed  by t h e  c o n t r o l  f l u i d  

i s  n e g l i g i b l e .  

C 

L e t  t h e  o t h e r  s ide of t h e  

j e t  be  exposed t o  a tmosphe r i c  

p r e s s u r e ,  t h e n  e q u a t i n g  i n e r t i a  
and p r e s s u r e  f o r c e s  a c t i n g  on 

an element of t h e  supp ly  j e t ,  

and assuming u n i t  d e p t h ,  we yj have: 

’ /  

1 dl 

F i g u r e  4 
I n e r t i a  f o r c e  = P r e s s u r e  f o r c e  

:. Mass x c e n t r i p e t a l  a c c e l e r a t i o n  = P r e s s u r e  x Area 

Where 

R i s  the mean r ad ius  of c u r v a t u r e  of t h e  d e f l e c t e d  supp ly  j e t ,  

p i s  t h e  f l u i d  d e n s i t y ,  and 
d, i s  the supply j e t  nozzle  w i d t h ,  

is  t h e  supply j e t  v e l o c i t y .  v 
S 

19 



The e f f e c t i v e  wid th  of the c o n t r o l  n o z z l e  i s  d2 as shown i n  F i g u r e  4 .  If 

t h i s  w id th  i s  s p e c i f i e d ,  and pc i s  known, t h e  l e n g t h  & and t h e  s u p p l y  j e t  

d e f l e c t i o n  a n g l e  a may b e  c a l c u l a t e d  by f i r s t  u s i n g  fo rmula  (1) t o  d e t e r m i n e  
t h e  r a d i u s  of c u r v a t u r e  of the j e t  t h e n  a p p l y i n g  the r u l e s  of e l e m e n t a r y  

t r i g o n o m e t r y  t o  s p e c i f y  comple t e ly  t h e  geometry of the i n t e r a c t i o n  r e g i o n ,  

A comparison between a momentum exchange a m p l i f i e r  and a c o n t r o l  j e t  

r e a c t i o n  a m p l i f i e r  was car r ied  ou t  by a n a l y s i s ,  u s i n g  t h e  f o l l o w i n g  i n p u t  
s p e c i f i c a t i o n s :  

E f f e c t i v e  power n o z z l e  w i d t h  

E f f e c t i v e  c o n t r o l  n o z z l e  w i d t h  d, 

Power supp ly  t o t a l  p r e s s u r e  

C o n t r o l  i n p u t  t o t a l  p r e s s u r e  pc 

C a l c u l a t i o n s  showed t h a t :  

D e f l e c t i o n  a n g l e  a,,, u s i n g  a 
momentum exchange d e v i c e  

D e f l e c t i o n  a n g l e  ac us ing  a 
c o n t r o l  r e a c t i o n  d e v i c e  

The r a t i o  ac/am f o r  a p r e s s u r e  ga in  of 2 i s  t h e r e f o r e ,  

35 = 1.32 26.5 

T h e o r e t i c a l l y  t h e  r a t i o  ac/am i n c r e a s e s  r a p i d l y  a s  the  p r e s s u r e  g a i n  

i n c r e a s e s .  F o r  a p r e s s u r e  g a i n  of 10 t h e  r a t i o  ac/am i s  3.05. 

f o r  h i g h e r  p r e s s u r e  g a i n s  c o n t r o l  j e t  r e a c t i o n  produces s e v e r a l  times the 

d e f l e c t i o n  produced by momentum exchange. I n  a d d i t i o n  t o  t h i s  advan tage  less 
ene rgy  i s  d e s t r o y e d  and t h e r e f o r e  g r e a t e r  ene rgy  i s  r e c o v e r a b l e  when the c o n t r o l  
j e t  r e a c t i o n  p r i n c i p l e  i s  employed. 

T h i s  means t h a t  



4 . 2  T r a n s i e n t  Response -- 
The r e s p o n s e  of f l u i d  a m p l i f i e r s ,  u t i l i z i n g  e i t h e r  wal l  effects  o r  

t u r b a l e n c e ,  t o  a sudden ly  aGplied c o n t r o l  s i g n a l  has  always been d i f f i c u l t  

t o  a n a l y s e  t h e o r e t i c a l l y  because the complex aerodynamic p r i n c i p l e s  on w h i c h  

these e l emen t s  depend a r e  improperly unde r s tood .  S c h l i c h t i n g 4  has s t u d i e d  

non-steady boundary l a y e r s  and the development of t u r b u l e n c e  and has shown t h a t  

an a n a l y t i c a l  t r e a t m e n t  which does n o t  t a k e  i n t o  accoun t  a l l  the  terms i n  t h e  

g e n e r a l  t h ree -d imens iona l  Navier-Stokes e q u a t i o n s  i s  a t  b e s t  o n l y  a c r u d e  approx- 

ima t ion  f o r  h igh  Reynolds numbers. F o r  low v a l u e s  no a n a l y t i c a l  approach has 

y e t  been d e v i s e d ,  a l t h o u g h  l a r g e  s c i e n t i f i c  computers can  now s o l v e  n u m e r i c a l l y  
a s i m p l i f i e d  two-dimensional approximation;  even so t h e  v a l u e  of t h i s  approach 

has no t  y e t  been demonstrated.  

T e s t s  c a r r i e d  o u t  on h igh  gain d e v i c e s  have shown t h a t  s w i t c h i n g  times are 

i n v a r i a b l y  s lower  t h a n  might b e  expected on t h e  b a s i s  of mo lecu la r  t r a n s p o r t  

times. 
r e - e s t a b l i s h m e n t  of l amina r  f l o w  i s  a time-consuming effect  which i s  l i k e l y  t o  

p rove  in su rmoun tab le  even when the  aerodynamics are comple t e ly  unde r s tood .  

It i s  c e r t a i n  t h e r e f o r e  t h a t  t h e  d e s t r u c t i o n  of a boundary l a y e r  o r  t h e  

In c o n t r a s t  t o  t h e  c o m p l e x i t i e s  i n t r o d u c e d  by h igh  g a i n  e l e m e n t s ,  tes ts  

c a r r i e d  o u t  on momentum exchange dev ices  show t h a t  v e r y  e l emen ta ry  t h e o r y  i s  
invo lved  i n  d e t e r m i n i n g  s w i t c h i n g  times w i t h  r e a s o n a b l e  accu racy .  

As an example le t  us c a l c u l a t e  t h e  s w i t c h i n g  time of a low g a i n  momentum 
o r  r e a c t i o n  t y p e  element  o p e r a t i n g  on a i r  a t  a power s u p p l y  p r e s s u r e  of 20 i n c h e s  
of water. L e t  t h e  d i s t a n c e  from the n o z z l e  t o  the r e c e i v e r  be .050 i n c h e s .  Then 

the s w i t c h i n g  time i n  r e sponse  t o  a s t e p  i n p u t  may b e  c a l c u l a t e d  a s  f o l l o w s :  

d i s t a n c e  from n o z z l e  t o  r e c e i v e r  
v e l o c i t y  of a i r  l e a v i n g  n o z z l e  Swi t ch ing  time = 

A i r  d i s c h a r g i n g  i n t o  t h e  atmosphere under a s u p p l y  p r e s s u r e  of 20 inches  
of water l e a v e s  t h e  n o z z l e  w i t h  a v e l o c i t y  of approx ima te ly  390 f e e t  p e r  second. 

Thus : 
S w i t c h i n g  time *050 seconds - - 

12 x 300 

= 13.9 microseconds 
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T h i s  speed i s  s e v e r a l  o r d e r s  o f  magnitude f a s t e r  than  has been o b t a i n e d  w i t h  

h i g h  g a i n  d e v i c e s ,  and shou ld  result i n  a r e - e v a l u a t i o n  of t h e  p o s s i b l e  a p p l i c a -  
t i o n s  of p u r e  f l u i d  l o g i c  e lements .  

Because c o n t r o l  j e t  r e a c t i o n  d e v i c e s  do no t  depend on s e n s i t i v e  boundary 

o r  t u r b u l e n c e  effects  it i s  expected t h a t  s w i t c h i n g  times f o r  these e l e m e n t s  

w i l l  be of t h e  same o r d e r  a s  f o r  momentum exchange d e v i c e s ,  and w i l l  show 

comparable  agreement between theo ry  and expe r imen t .  

TDR/ j o 
8/10/64 
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